Hexose-6-phosphate dehydrogenase (H6PDH) is a microsomal enzyme that is able to catalyze the first two reactions of an endoluminal pentose phosphate pathway, thereby generating reduced nicotinamide adenine dinucleotide phosphate (NADPH) within the endoplasmic reticulum. It is distinct from the cytosolic enzyme, glucose-6-phosphate dehydrogenase (G6PDH), using a separate pool of NAD(P)؉ and capable of oxidizing several phosphorylated hexoses. It has been proposed to be a NADPH regenerating system for steroid hormone and drug metabolism, specifically in determining the set point of 11␤-hydroxysteroid dehydrogenase type 1 (11␤-HSD1) activity, the enzyme responsible for the activation and inactivation of glucocorticoids. 11␤-HSD1 is a bidirectional enzyme, but in intact cells displays predominately oxo-reductase activity, a reaction requiring NADPH and leading to activation of glucocorticoids. However, in cellular homogenates or in purified preparations, 11␤-HSD1 is exclusively a dehydrogenase. Because H6PDH and 11␤-HSD1 are coexpressed in the inner microsomal compartment of cells, we hypothesized that H6PDH may provide 11␤-HSD1 with NADPH, thus promoting oxo-reductase activity in vivo. Recently, several studies have confirmed this functional cooperation, indicating the importance of intracellular redox mechanisms for the prereceptor control of glucocorticoid availability. With the increased interest in 11␤-HSD1 oxoreductase activity in the pathogenesis and treatment of several human diseases including insulin resistance and the metabolic syndrome, H6PDH represents an additional novel candidate for intervention. (Endocrinology 146: 2539 -2543, 2005) 
R
EDOX REACTIONS involve the transfer of reducing equivalents (either electrons or hydrogen) from a donor molecule to an acceptor molecule. Biological redox reactions are important for numerous cellular phenomena including the vital bioenergetic functions of mitochondria and chloroplasts. Common electron acceptor/donor molecules within cells, particularly with respect to steroidogenesis, are the oxidized/reduced forms of nicotinamide adenine dinucleotide (NADϩ/NADH) and nicotinamide adenine dinucleotide phosphate (NADPϩ/NADPH). A major source of NADPH in the cytosol is derived from the pentose phosphate pathway. The first and rate-limiting step in this pathway is carried out by the enzyme glucose-6-phosphate dehydrogenase (G6PDH) [enzyme commission (EC) 1.1. 1.49 ]. This catalyzes the conversion of glucose-6-phosphate (G6P) to 6-phosphogluconolactone, and in doing so, generates NADPH from NADPϩ. However, major controlling steps in steroid metabolism requiring NADPH are carried out by enzymes located in subcellular compartments such as the endoplasmic reticulum (ER) and mitochondria. Indeed, the first and ratelimiting step of steroidogenesis is catalyzed by the mitochondrial cholesterol side chain cleavage system, a mechanism dependent on NADPH. Because pyridine nucleotides are unable to cross cellular membranes, it is becoming increasingly important to investigate redox control mechanisms of steroid metabolism at a subcellular level.
For this reason, interest has been renewed in the enzyme hexose-6-phosphate dehydrogenase (H6PDH, EC 1.1.1.47) because it can generate NADPH from NADPϩ specifically within the ER. Here we review H6PDH, in terms of its tissue distribution, gene structure and its recently discovered role in the regulation of 11␤-hydroxysteroid dehydrogenase type 1 (11␤-HSD1, EC 1.1.1.146).
H6PDH Biological Activity and Kinetic Properties
H6PDH is an autosomally linked, microsomal glucose dehydrogenase, distinct from the cytosolic sex-linked G6PDH. Microsomal localization was confirmed in several studies where G6PDH activity was latent in washed microsomal preparations and only observed upon detergent treatment (1) (2) (3) (4) . Initially, H6PDH was reported to have dehydrogenase activity on G6P and galactose-6-phosphate, but further studies show that it has a broader substrate specificity incorporating other hexose-6-phosphates such as 2-deoxyglucose 6-phosphate, and also simple sugars such as glucose (1, 5) . It has dual nucleotide specificity for NADPϩ and NADϩ but under physiological conditions, within the microsomal environment, the native substrates for H6PDH are believed to be G6P and NADPϩ (6) . Supply of G6P is ensured by the glucose-6-phosphate transporter of the ER, which is specific for G6P (7) . Because, as noted above, the membrane of the ER is relatively impermeable to pyridine nucleotides, the supply of NAD(P)ϩ must be maintained through a functional cooperation between H6PDH (and perhaps additional oxidases) and intraluminal reductases (6, 8, 9) . In fact, it has long been suggested that the role of H6PDH is to supply reduced NAD(P)ϩ to ER reductases involved specifically with steroid and drug metabolism (2) .
Sequence comparisons revealed the possibility that H6PDH is a bifunctional enzyme, and in addition to its oxidative activity on G6P it is thought to catalyze the hydrolysis of 6-phosphogluconolactone to 6-phosphogluconate (10) , performing in effect the first two steps of a pentose phosphate pathway within the ER (11). The 6-phosphogluconolactonase (6PGL) activity was subsequently confirmed in purified native H6PDH from mice (12) and found to have a similar pH optimum but be more thermolabile than cytoplasmic 6PGL. Because there is a high level of sequence similarity between the murine and human H6PDH enzymes, it is reasonable to expect that the human protein also contains 6PGL activity. The murine enzyme has been proven to have bifunctional activity (13) , but this has yet to be confirmed for human H6PDH. The kinetics of H6PDH have been examined within microsomes and an apparent Michaelis-Menten constant values of 2.61 ϫ 10 Ϫ5 m for NADPϩ, 4.93 ϫ 10 Ϫ5 m for glucose 6-phosphate, and 2.14 ϫ 10 Ϫ4 m for 2-deoxyglucose 6-phosphate have been documented (14) .
Currently, little is known about the transcriptional or the translational regulation of H6PDH. Preliminary studies carried out in the 1960s indicated that the levels of H6PDH were higher in female mice than male, suggesting hormonal regulation of H6PDH; however, levels were not altered across pregnancy or lactation (15) . A further study in 1970 (16) reported a rapid increase in H6PDH activity before birth in rats, with a decline to adult levels 30 d postpartum. H6PDH activity has also been shown to be induced by phenobarbitol in rat liver (2).
Tissue Distribution
H6PDH expression was first reported in rat tissues and was found to be present in liver, adrenals, spleen, kidney, heart, lungs, muscle, testes, ovaries, prostate, uterus, and intestine (4, 16) . Subsequently, activity has been reported in many human tissues including liver, placenta, lymphoid, fibroblasts, adipose, white blood cells, kidney, thymus, pancreas, ovary, testis, skeletal muscle, and lung (3, 12, 17, 18) , with the highest activity observed in liver and placenta. Additionally, activity was also observed in porcine kidney cortex (3) . This localization to steroidogenic cells, liver cells, and renal tissue further supports the hypothesis that H6PDH may be involved in drug and steroid metabolism (4).
Protein and Gene Structure
The H6PDH amino acid sequence was first determined from rabbit liver microsomes (19) , and thus far has provided the only protein sequence data for this enzyme. The rabbit enzyme is a 90-kDa protein consisting of 763 amino acids, in comparison to the cytosolic G6PDH, which has a monomer molecular mass of 56 kDa. Carbohydrate is attached to Asn-138 and Asn-263, in keeping with its endoluminal orientation (19, 20) , although the protein lacks a conventional ER signal sequence and trans-membrane domain. Consequently, the trafficking and retention of this protein within the lumen of ER remains to be determined.
The N-terminal region of the H6PDH protein has high homology to the cytosolic G6PDH, particularly the two functional motifs of the coenzyme binding site and G6P binding site. The C-terminal 250 amino acids show homology to bacterial devB proteins, the N-terminal regions of Plasmodium falciparum and Plasmodium berghei G6PDH proteins (21) and the human cytosolic 6PGL protein (10) .
The sequence information provided by rabbit H6PDH protein allowed the cloning and identification of the human H6PDH cDNA and gene (12) . The human H6PDH gene is located on 1p36, spans 37 kb, and consists of 5 exons and 4 introns that predicts a protein of 89 kDa. Exon 5 encodes more than half of the protein (12) . Murine H6PDH gene is localized to chromosome 4 (a region equivalent to that of human chromosome 1p36), and encodes a protein of 789 amino acids with a molecular mass of 89 kDa (12) .
Regulation of 11␤-HSD Type 1 Set Point
Glucocorticoids exert a diverse range of physiological roles, including carbohydrate and amino acid regulation, control of blood pressure, and maintenance of stress and inflammatory responses. Therefore, the manner in which they are regulated in various tissues is highly important. Two isozymes of 11␤-HSD allow the interconversion of glucocorticoids from their inactive (cortisone, 11-hydrocorticosterone) to their active forms (cortisol, corticosterone), enabling the prereceptor regulation of glucocorticoids. 11␤-HSD2, the kidney isoform, has predominately dehydrogenase activity inactivating cortisol, enabling aldosterone to preferentially activate the mineralocorticoid receptor in vivo (22, 23) . In intact cells, 11␤-HSD1 is a bidirectional enzyme, predominately displaying oxo-reductase activity (24, 25) , but in cellular homogenates or in purified preparations, 11␤-HSD1 acts as a dehydrogenase (26) . Using purified enzyme preparations, Walker et al. (27) calculated the equilibrium constant (pH 7.0) for the 11␤-HSD1 cortisone to cortisol reaction as 0.03 (Fig. 1) . This implies that this reaction lies heavily toward cortisone and NADPH at equilibrium, indicating a natural tendency for the 11␤-HSD1-catalyzed reaction to proceed in the dehydrogenase direction.
11␤-HSD1 is highly expressed in the liver and in adipose tissue; here its oxo-reductase activity has been implicated in the pathogenesis of the metabolic syndrome through increased local generation of cortisol facilitating hepatic glucose output (28) and adipocyte differentiation (29) . Inhibition of 11␤-HSD1, using selective inhibitors, has resulted in improved insulin sensitivity and weight loss (30, 31) , but the factors determining 11␤-HSD1 set point and oxo-reductase activity per se have remained elusive.
Initial kinetic studies using recombinant 11␤-HSD1 expressed in Vaccinia virus indicated that availability of cofactor was an important regulator of the reaction direction of 11␤-HSD1 (32) . In an artificial situation, removal of NADPϩ using recombinant cytosolic G6PDH, significantly increased oxo-reductase activity. Conversely, oxo-reductase activity can be restored in vitro by the addition of G6PDH and NADP to regenerate NADPH (27, 32) . However, due to the subcellular location of 11␤-HSD1 within the ER lumen, cytosolic G6PDH is unable to perform this function in vivo. This was endorsed by Bujalska et al. (33) , where differences in oxoreductase-dehydrogenase activities of 11␤-HSD1 in human omental and sc adipose stromal cells could not be explained by differences in G6PDH activity.
In vivo studies have also highlighted the bidirectional capacity of 11␤-HSD1. Rat Leydig cells, depending upon their stage of differentiation and testosterone secreting ability, vary significantly in underlying oxo-reductase compared with dehydrogenase activities (34) . This could be manipulated by altering key components within culture media including the omission of glucose, NADϩ, NADH, NADPϩ (35) . Set point also differs within preadipocytes and adipocytes. Thus, after 14 d of culture under conditions that promote adipocyte differentiation, a switch occurs from 11␤-HSD1 dehydrogenase to oxo-reductase activity in omental preadipocytes (36) , despite no change in absolute levels of enzyme expression. Additionally, neuronal cells have also been shown to have bidirectional activity (37) .
The evidence that H6PDH and not G6PDH allows the regeneration of NADPH and promotes 11␤-HSD1 oxoreductase activity (Fig. 2) has come from several sources. First, patients with a putative 11␤-HSD1-deficient statecortisone reductase deficiency-are unable to convert cortisone to its active form cortisol. Sequencing of the gene encoding 11␤-HSD1 (HSD11B1) revealed intronic mutations that may mediate reduced levels of enzyme expression but these are present in up to 4% of normal subjects so that other candidates are likely to be involved (38) . Subsequently, sequencing of the H6PDH gene revealed mutations in exon 5 of the gene in all affected patients. Heterozygosity was shown in one case for a 29-bp insertion in exon 5 (620ins29bp621), which caused the inclusion of three new amino acids and a stop codon, resulting in a truncated protein, 171 amino acids shorter than the native protein. Expression of this mutation in hepatic WRL68 cells revealed a null enzyme with total lack of H6PDH activity. In two other cases, homozygosity for R453Q, a nonconservative missense amino acid change, was shown to encode for an enzyme with approximately 25% activity compared with wild type. Thus, cortisone reductase deficiency appears to be a digenic disease requiring interacting mutations in HSD11B1 and H6PDH. Importantly, these data link H6PDH to function of the 11␤-HSD1 enzyme.
Secondly, these genetic studies have been endorsed through in vitro functional studies. Atanasov et al. (39) showed colocalization of myc-tagged H6PDH and FLAGtagged 11␤-HSD1 transfected in human embryonic kidney (HEK) 293 to the luminal side of the ER. H6PDH was able to determine the direction of 11␤-HSD1 in HEK 293 and Chinese hamster ovary cells. Both cell types had bidirectional activity of 11␤-HSD1, with a slight preference of dehydrogenase activity. However, coexpression of 11␤-HSD1 with H6PDH caused a 5-fold increase in oxo-reductase activity and a 6-fold decrease in dehydrogenase activity without affecting the kinetic parameters. The effect on the maximum velocity (V max ) and not Michaelis constant for both directions indicated that availability of cofactor does not alter substrate affinity of 11␤-HSD1. Similar data have come from our own group. Bujalska et al. (40) have demonstrated that H6PDH increased 11␤-HSD1 oxo-reductase activity, while reducing dehydrogenase activity, whereas the cytosolic enzyme G6PDH was unable to affect oxo-reductase activity. Additionally, H6PDH was unable to affect the direction of the 11␤-HSD2 enzyme. Stably transfected cells with 11␤- HSD1   FIG. 2 . Schematic representation of the proposed interaction between H6PDH and 11␤-HSD1 within the ER. H6PDH generates NADPH by conversion of glucose-6-phosphate (G6P), transported via the G6P translocase (G6PT), to 6-phosphogluconate (6PG) within the ER. 11␤-HSD1 (T1) uses the NADPH as cofactor, allowing the conversion of cortisone to cortisol. The diagram indicates the effect of different K eq s on the cortisol/cortisone ratio (assuming equal amounts of the two cofactors at each point). Using purified, recombinant protein the equilibrium constant at pH 7.0 for the reaction has been calculated as 0.03. This implies that this reaction lies heavily toward cortisone and NADPH at equilibrium, indicating a natural tendency for the 11␤-HSD1-catalyzed reaction to proceed in the dehydrogenase direction.
and a H6PDH short interfering RNA (siRNA) showed a reduction in oxo-reductase activity, simultaneously increasing dehydrogenase activity (Fig. 3) .
In terms of redox potential within the ER lumen, Banhegyi et al. (41) have shown that the intralumenal pool of NADPH and substrate availability of glucose-6-phosphate are critical in regulating 11␤-HSD1 direction toward cortisol production under the stimulation of H6PDH. In microsomal preparations, addition of G6P increased production of NADPH and stimulated 11␤-HSD1 oxo-reductase activity (41) . Inhibition of G6P uptake, using an inhibitor of microsomal G6P transport, decreased this effect.
These cell-based studies all support the concept that H6PDH is important in conveying oxo-reductase activity upon 11␤-HSD1, an enzyme that in its purified state is preferentially a dehydrogenase. Together, these recent studies cement a role for H6PDH in regulating the set point of 11␤-HSD1 activity. They should also raise increased awareness of the pitfalls of measuring only 11␤-dehydrogenase activity in vitro and inferring from this that this is representative of 11-oxo-reductase activity in vivo (42) .
Future Directions
The recent excitement over the putative use of 11␤-HSD1 inhibitors to treat patients with insulin resistance and obesity-metabolic syndrome is entirely dependant upon 11-oxo-reductase activity in vivo. It is interesting to speculate that inhibition of H6PDH with concomitant reduction in ER NADPH concentrations might result in a similar beneficial effect. Further studies are required to investigate the role of H6PDH and ER redox potential in human disease. , and scrambled-siRNAs (Control) for 48 h. Compared with control, mRNA levels for 11␤-HSD1 and H6PDH were suppressed in cells transfected with the respective siRNAs (mean Ϯ SE; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001). B, 11␤-HSD1 oxo-reductase and dehydrogenase activities were both reduced by 11␤-HSD1-siRNA, whereas oxo-reductase activity was decreased and dehydrogenase activity simultaneously increased upon transfection with H6PDH-siRNA (mean Ϯ SE; *, P Ͻ 0.05, **, P Ͻ 0.01; ***, P Ͻ 0.001).
